Hypothesis: In children with bilateral cochlear implants (BiCIs), experience over a 1 to 3-year period can improve speech understanding and spatial unmasking of speech. Background: One reason for providing children with BiCIs is to improve spatial hearing abilities. Little is known about changes in performance with added bilateral experience, and the relation between sound localization and spatial unmasking of speech. Methods: Twenty children with BiCIs participated. Testing was conducted typically within a year of bilateral activation, and at 1, 2, or 3 follow-up annual intervals. All testing was done while children listened with both devices activated. Target speech was presented from front (co-located); interfering speech was from front, right (asymmetrical), or right and left (symmetrical). Speech reception thresholds (SRTs) were measured in each condition. Spatial release from masking (SRM) was quantified as the difference in SRTs between conditions with interferers at 0 degrees and 90 degrees. For 11 of the children, data are also compared with sound localization measures obtained on the same visit to the laboratory but published elsewhere. Results: Change in SRM with bilateral experience varied; some children showed improvement and others did not. Regression analyses identified relationships between SRTs and SRM. Comparison of the SRM with localization data suggests little evidence for correlations between the two spatial tasks. Conclusion: In children with BiCIs spatial hearing mechanisms involved in SRM and sound localization may be different. Reasons for reduced SRM include asymmetry between the ears, and individual differences in the ability to inhibit interfering information, switch and/or sustain attention.
One of the most rudimentary and functionally important aspects of human functioning is the emergence of spatial hearing skills that enable children to localize sound and to segregate speech from background maskers or interferers. A child's ability to understand speech in noisy conditions is likely to facilitate learning in mainstream classroom environments, as well as socialization in everyday situations. A hallmark of spatial hearing abilities is the dependence of the listener on the manner in which the auditory system integrates inputs arriving from sound in space at the two ears. This integration, in normal hearing systems, is mediated by an intricate neuronal circuitry in the brainstem, with auditory mechanisms that are tuned to spatial information. In children with normal hearing (NH), the spatial system uses binaural cues with great precision, and the development of the neural circuitry is fairly refined by 4 to 5 years of age (1, 2) . This early development of spatial hearing likely depends on experience with normal acoustic cues. Unlike NH children, children who are deaf and hear through cochlear implants receive auditory cues that are degraded with regard to numerous stimulus features (for review, see (3, 4) ). Thus, an important and timely question with regard to bilaterally implanted children is whether they demonstrate maturation of spatial hearing with additional exposure to bilateral stimulation. To the extent that they do, data would suggest that they are able to learn to utilize the information to function on tasks that require integration of inputs from the two ears. To the extent they do not, would suggest that either the necessary cues are not available to the children, or possibly that the cues may be available but the children are not using them.
In a recent study (5) with 21 children using BiCIs, 11 of 21 children had root mean square (RMS) errors that were smaller when they used both CIs than when a single CI was activated, suggesting that they experienced a bilateral benefit. When using both CIs, performance was highly variable among the 21 children; RMS errors ranged from 19 to 56 degrees, compared with the 5-yearold NH group who had RMS errors ranging from 9 to 29 degrees. Similar differences between CI users and NH children were found by van Deun et al. (6) . More recently, Zheng et al. (7) investigated emergence of sound localization skills in a group of 19 bilaterally implanted children, and reported that with additional experience listening through BiCIs, most children improve, as observed in reduced localization errors. The error types were further analyzed to better understand whether the pattern of errors changes with experience. Performance ranged from ''poor localization'' to ''hemifield discrimination'' (i.e., ability to discriminate left/right) to ''good spatial hearing mapping'' (i.e., ability to identify source locations within the right or left hemifield). Notably, children tended to improve on the localization task with added experience, as evidenced by reduced localization errors.
In the present study, the goal was to assess the ability of children with BiCIs to hear speech in the presence of background interference, when the interferers were either co-located with the target speech (both in front), or separated from the target speech. Of the 20 children tested here, 11 were also tested on localization as reported by Zheng et al. (7) , and for those children some comparisons are made between the speech-in-noise data and the localization results. This study sought to determine whether children demonstrate improvement on speech reception thresholds (SRTs), and/or on their ability to benefit from spatial separation of the target and interferers.
MATERIALS AND METHODS

Participants
Participants consisted of 20 children with BiCIs, all of whom were native English speakers, had no diagnosed developmental disabilities, and their primary mode of communication was oral. The children traveled with an adult, to Madison, Wisconsin. Children visited the laboratory during prescribed intervals based primarily on the amount of bilateral experience they had, taking care to test as close as possible during intervals of 3-6, 12-18, 21-27, 36-42, and 47-51 months postbilateral activation. One child was also tested after 60 months of bilateral experience. Data presented here consist of repeated measures visits. Biographical data are shown in Table 1 , including the ages at which each CI was activated, cause of deafness, type of CI devices used, and amount of bilateral experience at each of the visits to the laboratory. Each child visited the laboratory for 2 to 3 consecutive days, and was tested on a number of procedures. The child's own CI processors were always used, and were set to their clinically programmed every-day listening mode, as confirmed by parent and audiologist reports. Before beginning any testing, a subjective loudness balancing procedure was conducted, whereby volume and sensitivity controls were adjusted to equalize the perceived loudness between the two CI devices.
This research was approved by, and carried out in accordance with, the University of Wisconsin-Madison Human Subjects IRB regulations. Before commencing testing during each visit, parents signed consent forms, and children who were older than age 7 at the time of testing also signed an assent form.
Experimental Setup
During testing, listeners were seated in the sound booth facing a small table that was covered with foam. They were positioned with the head in the center of a semicircular array of loudspeakers (Cambridge Soundworks, Center/Surround IV), which were approximately at ear level, 1.5 m from the listener and were calibrated before each testing session. Subjects faced a computer monitor located at 0 degree azimuth under the front loudspeaker, and used a computer mouse to provide responses to the stimuli by selecting icons displayed on the computer monitor.
Stimuli
Target stimuli were from a closed set of 25 spondees (a twosyllable word with equal stress on both syllables) selected to be within the vocabulary of children ages 4 years and older (8) , and were prerecorded using a male talker (F0 ¼ 150 Hz) (all rootmean-square (rms) levels equalized). Interfering sentences were taken from the Harvard IEEE corpus (9) and were prerecorded separately using a female talker (F0 ¼ 240 Hz). Sentences were filtered to match the long-term average speech spectrum of the target spondees (8, 10, 11) . Two-talker interferers were created by overlaying two recordings from the same talker.
Design and Procedure
Testing was identical to the procedures reported in articles by Misurelli and Litovsky (12, 13) . Speech reception thresholds (SRTs) were measured for target spondees in the presence of the interfering speech, which was fixed at 55 dB SPL. SRTs from three conditions with interferers are relevant to the results presented here: SRT Front (target and interferers both 0 degrees front), SRT þ90 degrees/þ90 degrees (target 0 degrees front, interferers placed in an asymmetrical configuration at 90 degrees to one side or another) and SRT þ90 degrees/À90 degrees (target 0 degrees front, interferers placed in a symmetrical configuration with one at þ90 degrees and one at À90 degrees). In the asymmetrical condition, interferers were placed 90 degrees to the side of the first CI. To minimize any order effects, all conditions were randomized within interferer type. For each child, two to three SRTs per condition were collected and were averaged for data analysis, resulting in one SRT per condition. SRTs in children with BiCIs have been shown to be consistent across multiple measurements (12, 13) .
Before testing, each listener participated in a brief familiarization task to verify that they could accurately identify visual icons associated with each auditory target spondee. If an individual listener was unable to identify particular spondees, then those target stimuli were not used in the experimental testing (similar approaches were used in our previous studies by Litovsky et al.) . Out of the 20 participants, 13 participants used a target list less than 25 words on one of the visits, with no list less than 17 words. For the majority of participants who used a list of less than 25 words, the shortened list was only used for the first visit (i.e., younger chronological age and less CI experience). Practice was conducted for all listeners to allow each listener to become familiar with various aspects of the testing (i.e., listener position, computer controls, stimuli).
The experimental test consisted of a four-alternative-forcedchoice task (8, 12, (14) (15) (16) . Children were given experience hearing the interferer sentences and the male target; subsequently, they were instructed to ignore the ''lady talkers'' and to pay attention to the man's voice (male target). Trials began with the word ''ready,'' spoken by the male target, and then one randomly chosen spondee from the list of 25. The interferers were turned on first and then the target, and interferers continued for approximately 1 second after the target was turned off. 
E. Speech Reception Threshold Estimation
SRTs were measured using an adaptive tracking method with a 3-down/1-up procedure. SRTs were calculated using Maximum likelihood estimation (MLE) methods, which define threshold as the point on the psychometric function at which the target intensity corresponded to 79.4% correct. This method is identical to the methods used previously by Litovsky and colleagues (8, 12, 14, 16) . SRM was calculated for each listener (12,13) as follows:
Positive SRM values indicate an improvement in identification of the target when spatially separated from the interferers versus when the target and interferers are co-located; large SRM indicates greater benefit for speech intelligibility of the target with the sources spatially separated. Negative SRM indicates that a listener performed worse when the target and interferers were spatially separated compared with the co-located condition. Figures 1 and 2 show SRM Asymmetrical and SRM Symmetrical , respectively. Data are compared for visits 1 to 4 (with number of months of bilateral experience demarcated), and each child's data are shown using a different symbol. Data from children and adults with NH (used with permission from (12) ) are shown to the right. In general, SRM in the BiCI group was smaller than the average SRM for any of the NH groups, even the youngest who were $4 to 6.5 years old. However, numerous children in the BiCI group show SRM values that are clearly within the range of what was observed in the NH groups, suggesting that they were able to take advantage of spatial cues to separate target speech from interferers. In Figures 1 and 2 , the data in each panel show performance at annual testing intervals, starting with a few months after bilateral activation, through 4 years (and in one patient >5 yr). Some children showed improvement in SRM with additional experience (CIDR, CIDP, CIDQ, CIEM, CICL). Other children showed a decline in SRM with additional bilateral experience (CICF, CIDJ, CIBU, CIEF). Other children still showed no change in SRM (CIBW, CICA, CICQ, CICN, CIEK). Finally, there were children who fluctuated over the various testing intervals (CICY, CIFA, CIEH, CIEE, CIDW, CIET).
RESULTS
Spatial Release from Masking
Relationship Between SRTs and SRM
The data from all visits were first entered into overall regression analyses to examine the relationship between SRM and SRTs in either the co-located or separated conditions (SRM Asymmetrical and SRM Symmetrical ). The overall regression is shown with a solid black line in Figure 3 (A-D). There were significant relationships between SRTs in the co-located (Front) condition and SRM for both SRM Asymmetrical ( Fig. 3A; r 2 ¼ 0.126; p < 0.01), and SRM Symmetrical ( Fig. 3C ; r 2 ¼ 0.147, p < 0.01), suggesting that higher SRTs in the co-located condition were associated with larger release from masking. Results further showed that in the separated conditions, SRM was negatively related to SRTs in SRM Asymmetrical ( Fig. 3B ; r 2 ¼ 0.386, p < 0.001) and SRM Symmetrical ( Fig. 3D ; r 2 ¼ 0.316, p < 0.001), suggesting that children who were able to benefit from spatial cues were generally likely to have lower SRTs in the separated conditions, i.e., they were able to hear speech in the presence of spatially separated interferers . The lack of relationship on V3 is not easy to explain, and may be because of the very small variability in SRTs in the separated condition.
Relationship Between SRM and Sound Localization
The SRM effect involves use of spatial cues. For the asymmetric conditions, this includes both binaural cues and monaural head shadow cues, whereas for the symmetrical condition listeners must rely more heavily on binaural cues because of the large reduction of monaural cues (12, 13) . The question thus arises regarding the relationship between performance on SRM tasks and on sound localization tasks. That is, do children who demonstrate large benefit from spatial separation of target speech and interferers, as measured with SRM, also show reduced errors on sound localization tasks? If the same spatial hearing mechanisms govern performance on these two tasks, one might predict that performance on these tasks would be related. Figure 4 shows data from children who participated in localization testing as well as the SRM measures, on repeated visits to the laboratory. A regression analysis did not reveal a significant relationship between the two tasks, which is not surprising. A close examination of the data in Figure 4 reveals several interesting aspects of these data sets. First, note the oval shape placed around data points with RMS ce:monospace> <20 degrees; corresponding SRM values range from À4 dB (negative SRM) to þ4 dB. This range of SRM values suggests that, regardless of the fact that these children were among the best at localizing sound, they varied greatly in their ability to take advantage of spatial cues for source segregation. Similarly, note the data points above the grey line at SRM >2 dB; corresponding RMS values range from <20 to >37 degrees, showing again that children with largest SRM varied in localization abilities.
DISCUSSION
For over a decade, the fields of Audiology and Otology have embraced the medical practice of providing cochlear implants in both ears to children with bilateral profound deafness. The number of recipients was small to begin with (e.g., (17)), and there were concerns over the potential benefits that BiCIs would provide young children who are deaf. In addition, questions arose regarding the potential benefit of delaying treatment in one of the two ears until alternative forms of treatment for deafness become available. Examples of such treatments included hair cell regeneration (18) , stem cells (19) , and genetic therapy (20, 21) .
Although progress in alternative treatments is being made in numerous animal models, lack of current clinical trials with human subjects means that parents of young children are searching for treatment options that would maximize their ability to communicate and learn in mainstream auditory environments. These environments include classrooms, playgrounds, and cafeterias, as well as situations involving sports and recreational activities. In NH listeners the ability to function in complex, noisy environments is facilitated by the binaural auditory system. Binaural hearing refers to the ability of the auditory system to compare inputs from the two ears and to compute sound source location bases on differences between the ears in the time of arrival and intensity of the sound source. In addition to enabling accurate sound localization abilities, the binaural system is useful for source segregation, such as hearing speech in noise. A hallmark finding is known as spatial release from masking (SRM), whereby benefits for speech understanding are observed when the target speech and background interferers are spatially separated, compared with when the target and interferers are spatially colocated. The ability to use spatial cues results from access to binaural cues, as well as monaural cues. That is, having access to sound in two ears is useful from the perspective of being able to listen to whichever ear has a better signal-to-noise ratio (SNR). For reviews on this topic, see (2, 4, 22) . Today's clinical treatments for providing input to both ears consist primarily of a cochlear implant in each ear, or for children with residual hearing in one or both ears, combining implantation with acoustic hearing could have benefits as well (23, 24) . The present study examined SRM in a group of 20 children who were fitted with BiCIs and traveled to Madison, WI, to participate in research. All but two of the 20 children were fitted with the first CIs by age 2 years 5 months. The two children who were fitted with the first CI after 4 years experienced a progressive hearing loss. All 20 children received their second CI by age 5 years 2 months. Children visited the laboratory during prescribed intervals based primarily on the amount of bilateral experience they had. SRM data from the first visit have been previously published (12, 13) , and the present study focused on whether SRM undergoes significant changes as a result of additional bilateral experience. It must be noted that SRM is a derived measure computed from the differences in SRTs in two conditions: target and interferers co-located (Front) versus spatially separated (Asymmetrical or Symmetrical). Thus, changes in SRM are complex, as they can potentially be affected by a change in the child's ability to hear speech whereas the interferers are either in front, or on one side of the head (Asymmetrical) or on both sides of the head (Symmetrical), and also by a combination of these abilities. Changes in performance on these tasks could potentially be affected by changes in the mapping characteristics of the implant speech processor, the directionality of the microphones, and numerous other factors.
The children tested here showed variable effects when SRM was compared on multiple time intervals. Some children showed improvement (increased SRM), others declined or showed no change, and some of the children fluctuated. This finding is complex as it suggests that SRM is not a stable factor in the children's ability to function in complex acoustic environments. The measure of SRTs that are obtained with the tests reported is stable within each visit, that is SRTs are consistent during repeated measures (12); thus, the fluctuations, reductions, or lack of improvement are likely to reflect the reality of how children with BiCIs contend in noisy environments. The cause of variability and fluctuations in SRM is difficult to interpret. Some possible factors include the fact that children's implant speech processors are reprogrammed at various time intervals between testing. Changes are thus made to important settings, including sensitivity and volume that can impact the dynamic ranges and thus the intensity at which children can hear speech in the presence of interfering speech. Similar effects may occur because of changes in programming of the microphone characteristics, which can have different effects on the relative levels of the speech and interferers, depending on what types of directional properties are included. In addition, as children become older and spend more time in classroom environments, many are fitted with assistive devices such as FM systems, and become accustomed to the improved SNR under those listening conditions, which can impact their ability to hear speech in noise under conditions that do not provide the added benefit of the FM system.
Previous studies on BiCI users have also shown mixed results regarding SRM. In adult listeners, spatial benefits for speech understanding have been primarily attributed to monaural cues, such as ''head shadow'' or the betterear effect (25, 26) . Attempts at restoring binaural benefits have shown weak or absent effects (e.g., (27, 28) ). Similarly, previous studies in children with BiCIs have shown small effect sizes (29, 30) , with larger variability than that observed in NH children.
The lack of consistent findings using the SRM measure raises a question regarding the use of SRM as an appropriate task to identify improvements over time. As mentioned above, SRM is a derived value (relative SRTs in two conditions). Thus, one might ask whether stepping back and considering each measure in isolation (SRTs in each condition) might be revealing. The data presented here suggest that not to be the case, as the SRTs in Figure 3 do not show systematic change across annual testing intervals. A further step would then be to render SRTs themselves as being unusable for tracking change in performance over time. Future work might therefore consider measuring percent correct at numerous SNR values. The only caution is that these data are cumbersome to collect, in particular in younger children. Thus, perhaps alternative approaches to addressing the questions might arise from considering biological and clinical factors.
One example of a factor not addressed in this study, which could have contributed to outcomes, is whether changes in performance over time are impacted by asymmetry in performance between the ears. Such asymmetry might arise from implanting two ears at different intervals (31) . Also important to consider are potential differences in the neural health of surviving auditory nerve fibers in the two ears. It is also likely that, although the auditory measures are stable over repeated trials, the task engaged specific aspects of executive function that contributed to the results, including individual differences in the ability to inhibit interfering information, switch, and/or sustain attention on the task, or other factors such as working memory (32, 33) . The data in this article do not provide sufficient evidence to directly answer these questions. However, discussion of these issues might open opportunities for future studies that will address these questions more directly.
In this study, a question was asked regarding the relationship between performance on SRM tasks and sound localization; specifically, whether children who demonstrate large SRM are also more likely to show improved localization (i.e., small RMS). There was no evidence of such a relationship, suggesting that the mechanisms involved in performance on these two tasks are not inherently related. This finding is not entirely surprising. Such a relationship has not been a major finding in previous studies on BiCI users. In NH listeners, there seems to be predictability between SRM and performance on binaural unmasking of tones (e.g., (34) ). However, those tasks engage a healthy binaural system. This is unlike the situation in BiCI users, for whom there are known limitations regarding the provision of wellcontrolled binaural cues (4) .
